Why is the Universe homogeneous and isotropic on large scales? Why is it spatially flat? How did the inhomogeneities in the Universe arise that lead to the formation of galaxies and the fluctuations in the cosmic microwave background? Inflationary cosmology answers these three important questions by introducing a brief period of extraordinary cosmic acceleration during the first 10 −30 seconds after the big bang.
Why is the Universe homogeneous and isotropic on large scales? Why is it spatially flat? How did the inhomogeneities in the Universe arise that lead to the formation of galaxies and the fluctuations in the cosmic microwave background? Inflationary cosmology answers these three important questions by introducing a brief period of extraordinary cosmic acceleration during the first 10 −30 seconds after the big bang. [1] [2] [3] However, there are other deep questions of cosmology which inflation does not resolve: How old is the Universe? How big is the Universe? What occurred at the initial singularity? What is the ultimate fate of the Universe? What is the role of the dark energy and the recently observed 4, 5 low-energy cosmic acceleration? Does time, and the arrow of time, exist before the big bang? We introduce a cyclic model of the Universe that addresses all of these questions and does so without introducing the extraordinarily rapid acceleration that characterizes inflationary models. In this picture, the Universe undergoes an endless sequence of cosmic cycles each of which begins with the Universe expanding from a 'big bang' and ends with the Universe contracting to a 'big crunch.' Each big bang proceeds through a period of radiation and matter domination consistent with the standard cosmology. The Universe then begins an exceedingly long period of slow cosmic acceleration (as detected in recent observations) which ultimately empties the Universe of entropy and black holes produced in the preceding cycle and triggers the onset of contraction to a big crunch.
The notion of a cyclic Universe has been popular in mythology, philosophy and cosmology throughout human history. 6 In the 1930's, Richard Tolman 7 gave a discussion within the framework of general relativity assuming a closed Universe with zero cosmological constant. On top of the difficulty of having to pass through a cosmological singularity on each bounce, Tolman pointed out that entropy would undoubtedly be generated, causing the Universe to expand to a larger size in each subsequent cycle. There would be no fixed point, and the Universe would have to have originated at some finite time in the past. Consequently, Tolman's oscillating Universe models failed to represent a genuine solution to the profound philosophical problem of a 'beginning of time,' although the general notion of a bounce continued to attract interest in later decades.
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In the cyclic model presented here, the entropy problem and problems with black holes and other debris from previous cycles are naturally resolved by having, at the end of each matter-dominated epoch, a period of exponential expansion driven by a dark energy component with negative pressure. Instead of considering a finite, closed Universe, as in Tolman's case, we consider an infinite, flat Universe. As Tolman suggested, additional entropy, matter and black holes are generated at each bounce, but they are subsequently diluted to exponentially small densities so that the Universe is virtually empty by the next bounce. During the bounce from big crunch to big bang, the density is replenished with matter and radiation that serves as the fuel of the hot big bang phase. New quarks and leptons are created that produce new hydrogen to create new stars. After 15 billion years or so, cosmic acceleration begins anew, only to be followed by the next big crunch. The cyclic model is a complete theory of cosmic evolution, rather than only a theory of the early Universe, which makes it a truly unified cosmological theory with far-reaching explanatory power.
The cyclic model draws heavily from ideas introduced in the recently proposed "ekpyrotic scenario", a model in which the Universe undergoes a single transition from contraction to expansion. 9, 10 If there can be one transition, it is of course natural to ask whether repeated transitions or even cyclic behavior are also allowed. We shall show that they are indeed possible, but new ingredients are required and there are important new implications.
Both the ekpyrotic and cyclic models are inspired by string theory and M-theory constructions in which the Universe consists of a four dimensional 'bulk' space bounded by two three-dimensional domain walls, one with pos-itive and the other with negative tension. [11] [12] [13] The branes are free to move along the extra spatial dimension, so that they may approach and collide. (The fundamental theory is formulated in 10 spatial dimensions, but six of the dimensions are compactified on a Calabi-Yau manifold, which for our purposes can be treated as fixed, and therefore ignored). Gravity acts throughout the five dimensional space-time, but particles of our visible Universe are constrained to move along one of the branes, sometimes called the 'visible brane.' Particles on the other brane interact only through gravity with matter on the visible brane and hence behave like dark matter.
According to the ekpyrotic scenario, when the two branes collide inelastically and bounce off one another, brane kinetic energy is partially converted into matter and radiation and the Universe begins to expand.
9, 10 Our big bang Universe thereby emerges from a collision with a large but finite temperature and filled with matter and radiation. The inhomogeneities that seeded the formation of large-scale structure in the Universe and the fluctuations in the cosmic microwave background are the result of ripples created by quantum fluctuations in the brane surfaces as they approach.
9, 14 The ripples cause spatial variations in the time of collision and, consequently, temperature and energy density perturbations after the bounce is complete.
The positive/negative tension brane system possesses the same invariance under four dimensional coordinate transformations as does general relativity. This implies that, except at special points, it should be describable in more conventional language, namely in terms of a scalar field φ evolving in a potential V (φ) in four-dimensional space-time governed by Einstein's theory of general relativity. The same language is used to describe inflationary cosmology.
1, 2 In the brane picture, however, φ has a geometrical meaning: it is the modulus field that determines the distance between branes, and V (φ) is the inter-brane potential energy. As we shall discuss, φ is minus infinity when the branes touch, by our convention. We also define φ so that the maximal value it attains in a cycle (which is close to the current value) is negative. The greatest possible value for φ, corresponding to infinite brane separation, is finite in our example (chosen to be zero, as shown in Figure 2 ), but it may be infinite in other cases.
A critical issue for the cyclic picture is what happens when the two branes collide. In the conventional Einstein-scalar field description, the scale factor a(t) approaches zero and the Universe appears to approach a cosmic singularity beyond which it cannot be evolved.
9, 10 Such singularities imply the breakdown of general relativity, but they do not necessarily imply that time must come to an end. In fact, the brane world picture suggests otherwise. 10 Closer inspection reveals that the scale factors on the visible and hidden branes each remain finite at the bounce. The singularity apparent in the conventional description is due to a bad choice of variables, namely the Einstein metric g µν and the scalar field φ. The former vanishes, which is inconsistent with the description of spacetime as a manifold, and the latter runs to minus infinity. However, the metric on the brane is g φ/M P l where L is a parameter with dimensions of length. In the cosmological solutions of interest, both the size of the extra dimension and the Einstein metric g µν shrink with time in such a manner that g B µν remains finite when both approach zero. Thus, the collapse of the extra dimension plays an important role in resolving the cosmic singularity.
The description becomes non-singular 10, 15 if one uses the the variables a 0 ≡ 2 a cosh(φ/ √ 6M P l ), and a 1 ≡ −2 a sinh(φ/ √ 6M P l ). In the simplest brane world models these are the scale factors on the positive and negative tension branes, respectively. 9 The conventional Einstein scale factor a and the brane scale factors are then related by a = . The five dimensional geometry further relates a 0 and a 1 so that a 0 ≥ a 1 , with equality holding when the branes collide. The physical region is then the interior of the 'future light-cone' in the (a 0 , a 1 )-plane, where one thinks of a 0 and a 1 as being time-like and space-like variables, respectively ( Figure 1 ). As the two branes approach, a 0 approaches a 1 and the trajectory approaches the light-cone and bounces, as shown in the inset. According to the relation above, the Einstein scale factor approaches zero, bounces, and begins to expand. However, the brane scale factors a 0 and a 1 , to which matter couples, undergo perpetual expansion. The fact that these scale factors, and the energy density, are finite strongly suggests a well-behaved transition from contraction to expansion.
The brane description of the transition from big crunch to big bang is essential to our scenario. However, we must emphasize that although we find it physically plausible, a mathematically rigorous treatment does not yet exist.
10 While the curvature and density remain finite, the disappearance of the extra dimension for an instant is a violent event resulting in rapid changes in the masses of extra-dimensional excitations. Assuming a well defined calculation is possible, entropy production is therefore inevitable. In log a 0 log a 1 bounce accelerated expansion the absence of such a calculation, we simply parameterize the outcome of the brane collision in terms of the expansion rate of the extra dimension post-collision, and the value of the Hubble constant when radiation comes to dominate (when the size of the extra dimension becomes nearly constant).
How can the brane world description shown in Figure 1 be reconciled with a conventional four-dimensional view? The notion of a brane scale factor whose value tends to a constant at collision translates in the conventional picture into the condition that matter and radiation couple not to a but to a modified scale factor aβ(φ), where β(φ) ∝ e −φ/ √ 6M P l as φ tends to minus infinity. In cosmological solutions of the field equations, the modified scale factor is finite as a(t) → 0. Hence the matter and radiation densities remain finite. To see how the conventional description is subsequently recovered, recall the usual equations derived from Einstein's theory of general relativity:
where dot represents a time derivative, H ≡ȧ/a is the Hubble parameter, G is Newton's constant, and ρ R and ρ M are the radiation and matter densities. In traditional cases, like inflation, the above equations are supplemented by the dynamical equation for the evolution of φ,
The replacement of the standard scale factor a with a β(φ) leads to three modifications. First, the matter and radiation density are dependent on the value of φ. The radiation density is proportional to 1/(aβ) 4 instead of 1/a 4 , and the matter density is proportional to 1/(aβ) 3 instead of 1/a 3 . Secondly, in Eqs. (1) and (2), the radiation and matter densities are each multiplied by β 4 . This factor precisely cancels the φ-dependence of the radiation density terms in these evolution equations, but the matter density terms remain φ-dependent. Thirdly, the equation of motion for φ, Eq. (3), acquires a corresponding additional term depending on the matter density, −β ,φ β 3 ρ M . If β(φ) is sufficiently flat near the current value of φ, both of these couplings have modest effects in the late Universe, and the successes of the standard cosmology are recovered. However, the coupling of matter to φ produces other potentially measurable effects including a 'fifth force' causing violations of the equivalence principle. Current constraints can be satisfied if M P l (lnβ) ,φ < 10 −3 . 20-22 (A similar condition is required for any model of quintessence. 16 ) Figure 2 represents the potential V (φ) envisaged for the cyclic scenario. Unlike inflationary models, the potential is taken to be negative for a substantial range of φ. Inflation begins with the Universe assumed to start out expanding, and with a value of φ where the potential energy is large and positive. A period of extraordinarily rapid, superluminal expansion ensues. The ekpyrotic scenario has a purely negative potential which approaches zero as φ → −∞, for reasons having to do with details of string theory, 10 and also as φ → +∞, by assumption. (This assumption is altered in the cyclic model, as suggested by the Figure. ) The ekpyrotic Universe begins at large φ with nearly zero kinetic and potential energy in a nearly quasistatic state. 9 As the field slowly evolves towards φ → −∞, the potential energy becomes negative causing the Universe contract. Then, a and φ bounce and both begin to increase. Some scalar field kinetic energy is converted to matter and radiation, and the Universe emerges in a radiation-dominated big bang phase. It was implicitly assumed that the attractive potential is zero after the collision, nullified perhaps by the exchange of charges when the branes are in contact, and that the brane separation is eventually fixed by low energy physics.
The cyclic Universe adds a key new element: the potential is the same before and after the branes collide, but the shape is chosen so that it increases to slightly positive values at sufficiently large φ. (See the right hand side of Figure 2 .) This automatically triggers a series of events leading to cyclic behavior. The positive potential energy acts as a form of quintessence, 16 a time-varying energy component with negative pressure that causes accelerated expansion. Hence, the cyclic scenario dovetails with recent observations of cosmic acceleration, 4, 5 providing an explanation of the dark energy. The role of dark energy in the cyclic scenario is novel. In the standard big bang and inflationary models, the recently discovered dark energy and cosmic acceleration are an unexpected surprise with no clear raison d'etre. In the cyclic scenario, however, not only is the source of dark energy explained, but the dark energy and its associated cosmic acceleration play an essential role in establishing the conditions for the next bounce. Namely, the accelerated expansion plays the role of diluting entropy, matter and black holes to negligible densities, and of stretching density perturbations to unobservably V(φ) In M theory, φ determines the distance between branes. The field is defined so that the maximal separation for the cyclic solution is negative, stage (1), and and φ → −∞ when the branes collide. The characteristic feature is that the potential energy has a small positive value on the right and negative values on the left. The variation from positive to negative potential energy is what causes periodic periods of expansion and contraction. The sequence of stages is described in the article.
large scales. Since perturbations are suppressed in this phase, this allows the cyclic solution to be a stable attractor. Right after a big bang, the scalar field φ is increasing rapidly. However, its motion is damped by the expansion of the Universe and φ essentially comes to rest in the radiation dominated phase (stage (1) in Figure 2 ). Thereafter it remains nearly fixed until the dark energy begins to dominate and cosmic acceleration commences. The positive potential energy density at the current value of φ is taken to be the present dark energy density. This choice entails tuning, to be sure, but it is a tuning required in any cosmological model (including inflation) to explain the recent observations of cosmic acceleration. In this case, the same tuning serves many purposes.
The cosmic acceleration is nearly 100 orders of magnitude smaller than considered in inflationary cosmology. Nevertheless, if sustained for hundreds of e-folds (trillions of years) or more, the cosmic acceleration can flatten the Universe and dilute the entropy, black holes, and other debris created over the preceding cycle, overcoming the obstacle that has blocked previous attempts at a cyclic Universe. The number of particles in the Universe is suppressed to less than one per Hubble volume before the cosmic acceleration ends. Ultimately, the scalar field begins to roll back towards −∞, driving the potential to zero. The scalar field φ that determines the brane separation is thus the source of the currently observed acceleration, the reason why the Universe is homogeneous, isotropic and flat before the branes begin to collide, and the root cause for the Universe reversing from expansion to contraction.
Using the labels in Figure 2 , the sequence of events in each cycle is as follows, beginning from the present epoch, stage (1) . The Universe has completed radiation and matter dominated epochs during which φ is nearly fixed. We are presently at the time when its potential energy -quintessence -begins to dominate. The Universe begins a period of exceedingly slow cosmic acceleration lasting trillions of years or more. The entropy and black hole densities become negligible. Very slowly the slope in the potential causes φ to roll in the negative direction, as indicated in stage (2). Cosmic acceleration continues until the field nears the point of zero potential energy, stage (3). The Universe is dominated by the kinetic energy of φ, but expansion causes this to be damped. Eventually, the total energy (kinetic plus negative potential) hits zero. From Eq. (1), the Hubble parameter is zero and the Universe is momentarily static. From Eq. (2),ä < 0, so that a begins to contract. While a is nearly static, the Universe satisfies the ekpyrotic con-ditions for creating density perturbations, as described below. As the field continues to roll towards −∞, the scale factor a contracts and the kinetic energy of the scalar field grows. That is, gravitational energy is converted to scalar field (brane) kinetic energy during this part of the cycle. Hence, the field races past the minimum of the potential and off to −∞, with kinetic energy becoming increasingly dominant as the bounce nears, stage (5). The scalar field diverges as a tends to zero. After the bounce, radiation is generated and the Universe is expanding. At first the scalar kinetic energy density (∝ 1/a 6 ) dominates over the radiation (∝ 1/a 4 ), stage (6) . Soon after, however, the Universe becomes radiation dominated, stage (7), and the motion of φ is damped so that it converges to a value near its maximal value, stage (1). The Universe undergoes the standard big bang evolution for the next 15 billion years. Then, the scalar field potential energy begins to dominate, the scalar field rolls towards −∞, and the cycle begins anew. The evolution in terms of conventional variables is summarized in Figure 3 .
During the slow contraction phase, (i.e., stage (2) in the Figure) , the field φ undergoes quantum fluctuations which cause its value to vary spatially. The fluctuations in φ correspond to fluctuations in the interbrane separation or, equivalently, the ripples described in the brane picture. A remarkable result shown in Ref. 9 is that the fluctuations in the slow contracting phase produce a scale-invariant fluctuation spectrum that is virtually indistinguishable from that generated for a scalar field during inflation. However, the physical mechanism is entirely different. In inflation, the spectrum is created by gravity causing fluctuations on microscopic scales to rapidly stretch to macroscopic scales. 3 Expressing the perturbations in terms of fourier modes, modes undergo quantum fluctuations until their wavelength stretches beyond the Hubble horizon, at which point their amplitudes freeze. In this picture, small wavelength modes reach the Hubble horizon later and their amplitude is frozen later than long wavelength modes. In the case of a quasistatic, contracting Universe, gravity plays no significant role. 9 Simply because the potential is decreasing, quantum fluctuations in φ are amplified as the field evolves downhill. 9, 17, 18 Instabilities in long-wavelength modes occur sooner than those in short wavelength modes, which, curiously, nearly exactly mimics the inflationary effect of different modes freezing at different times. In Ref. 14, it was shown how the nearly scale-invariant spectrum of fluctuations in φ created during the contracting phase transform into a nearly scale-invariant spectrum of density fluctuations in the expanding phase. , and the scalar field grows logarithmically with t, in the scalar-kinetic dominated early regime. Then, when radiation begins to dominate we have a ∝ t 1 2 , and the scalar field motion is strongly damped. This is followed by the matter era, where a ∝ t Current observations of large-scale structure and fluctuations of the cosmic microwave background cannot distinguish between inflation and the cyclic model because both predict a nearly scale-invariant spectrum of adiabatic, gaussian perturbations. However, future measurements of gravitational waves may be able to do so. A key feature is the role of gravity during the generation of fluctuations. 9 In inflation, where gravity is paramount, quantum fluctuations in all light degrees of freedom are subject to the same gravitational effect described above. Hence, not only is there a nearly scaleinvariant spectrum of energy density perturbations, but also there is a scaleinvariant spectrum of gravitational waves, axions, etc. Since the gravitational waves are generic and they decouple after inflation, the existence of the nearly scale-invariant gravitational wave spectrum is a universal prediction of all inflationary models. In the cyclic and ekpyrotic models, where the potential, rather than gravity, is the cause of fluctuations, the only field which obtains a nearly scale-invariant spectrum is the one rolling down the potential, φ. The direct search for gravitational waves or the search for their indirect effect on the polarization of the cosmic microwave background 19 are the crucial tests for distinguishing inflation from the cyclic model.
Cyclic solutions exist for a range of potentials and parameters, and they are typically an attractor for a wide set of initial conditions. For example, suppose the scalar field is jostled and stops at a slightly different maximal value. The same sequence ensues. The scalar field is critically damped during the quintessence (scalar potential) dominated phase. By the time the field reaches stage (3) where V = 0, it is rolling very nearly at the same rate as if it had started at φ = 0. Memory of its initial position has been lost.
The complete cyclic scenario of course requires a potential satisfying various quantitative constraints. This is just as the case for inflation. What is different about the cyclic scenario is that the tuning of the potential necessary to obtain late time dark energy domination, consequent exponential expansion and consistency with fifth force and equivalence principle tests is rather directly related to the tuning needed to obtain observational acceptable density perturbations, roughly scale invariant in form and with amplitude ∼ 10 −5 . In this sense, the cyclic model is more efficient. Technical details will be given in a subsequent publication.
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Note that every component of the model -the scalar field kinetic and potential energy, the radiation, matter and the quintessence -all play integral and critical roles in the scenario. In particular, the radiation present in today's Universe at the early stages of the big bang damps the motion of the scalar field, preventing it from rolling to very large values, which would correspond to having the branes fly apart and opening a higher dimension. Likewise, the matter density influences φ through the coupling β ,φ ρ M . Finally, the potential energy function V (φ) is crucial in both producing exponential expansion, necessary to erase matter, radiation and black hole densities, and also in turning the motion of φ around for the next bounce. These connections make the cyclic Universe scenario a very tight theoretical framework in which all the dominant components of the Universe are involved. They raise the possibility for example, of an explanation for the relative abundances of the different forms of energy density in the Universe in terms of an attractor state for the cyclic Universe.
The strengths of the cyclic model are its simplicity, its efficient use of all the dominant elements of the Universe and the fact that it is a complete description of all phases of cosmic evolution. In particular, if the cyclic state is to be an attractor, it is essential that the perturbations generated in one cycle and then evolved into galaxies and black holes are drastically diluted before the next cycle begins. This requires that the potential energy V (φ) has a positive region where φ will roll very slowly before turning around and generating a fresh spectrum of density perturbations. The requirement of cyclic behavior therefore seems to lead directly to the prediction that today's Universe should have a dark energy component and will someday undergo cosmic acceleration.
The cyclic model can be contrasted with inflationary cosmology, a highly appealing theoretical model in its own right. Inflationary cosmology focuses on a brief epoch when the Universe was 10 −30 seconds old. The model relies on assumptions about how the Universe emerged from the cosmic singularity. Subsequent cosmic events, such as the recent transition from matterdomination to dark energy domination and cosmic acceleration, can be added to the overall cosmological model, but they appear to have no direct connection to inflationary theory.
Consequently, the cyclic model has surprising explanatory and predictive power. In the introduction to this paper, we noted a number of the most challenging questions of cosmology and fundamental physics. We reconsider each of these questions and summarize their resolutions in the cyclic scenario.
How old is the Universe? What is its ultimate fate?
A truly cyclic Universe is infinitely old and endures forever. It is important to note that the exact cyclic solution can be an attractor with a large basin of attraction. That is, the cycling is stable under small perturbations. Since cycles can continue to the infinite past, the problem of initial conditions can be effectively nullified, although one should bear in mind that the basin of attraction is finite. Some initial conditions, such as starting the branes at rest with φ corresponding to the minimum of the potential, are drawn to the wrong attractor. (Alternatively, one could imagine a Universe with a beginning, say, which rapidly converges to the attractor cyclic solution. In this case, the problem of explaining initial conditions returns.)
How big is the Universe? From the point-of-view of an observer living on a brane, the Universe undergoes a never-ending series of cycles consisting almost entirely of expansion (See Figure 1) . From this point of view, the Universe expands by an exponentially large factor each cycle. If the Universe is infinitely old, it follows it must be infinitely large. The fact that the branes are spatially infinite means that it is possible for entropy to be produced in every bounce with the same physical density, and yet be diluted to an exponentially small value at the end of each cycle. Entropy production is therefore perfectly compatible with the Universe lasting forever, if the Universe is spatially infinite.
What occurs at the initial singularity?
The cyclic model relies entirely on the ekpyrotic notion 10 that the singularity corresponds to the collision and bounce of two outer orbifold branes in a manner that is continuous and wellbehaved. The singularity is not where temperature and curvature diverge and time begins. Rather, formulated in appropriate fields and coordinates, we hypothesize that the singularity is a smooth, finite transition from a contraction phase heading towards a big crunch followed by a big bang evolving into an expanding Universe. Although this is plausible, making it rigorous will likely require the full power of string theory, to resolve this 'cosmic singularity' as it has already done with other singularities.
Why is the current Universe homogeneous, isotropic and flat on large scales?
The Universe is made homogeneous and isotropic during the period of the preceding cycle when potential energy dominates and the Universe is undergoing slow cosmic acceleration. This ensures that the branes are flat and parallel as they begin to approach, collide, and emerge in a big bang. Inflation also relies on cosmic acceleration, but driven by very high vacuum energy which produces an acceleration that is nearly 10 100 times faster. In other words, the cyclic model proposes that homogeneity and flatness today were caused by cosmic acceleration before the initial singularity, whereas inflation assumes it is due to acceleration since the initial singularity.
How were density inhomogeneities generated? In the cyclic model, the observed inhomogeneities in the Universe are generated during the contracting phase when the scale factor is nearly static and gravitational effects are weak. Consequently, as in the ekpyrotic scenario, 9, 14 a nearly scale invariant spectrum of adiabatic, gaussian energy density fluctuations is created. However, because the expansion rate is negligible and gravitational effects are weak, the tensor (metric fluctuation) spectrum is blue with an exponentially tiny amplitude at long wavelengths.
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Fluctuations are also created during the quintessence dominated phase, just as they are during inflation. However, because the energy density during the accelerating phase is 100 orders of magnitude smaller than in inflation, the resulting fluctuation amplitude is exponentially smaller in the cyclic model.
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These fluctuations also have wavelengths that far exceed the current Hubble horizon. Hence, they are observationally irrelevant.
What is the role of dark energy and the current cosmic acceleration? Clearly, dark energy and the current cosmic acceleration 4, 5 play an essential role in the cyclic model both by reducing the entropy and black hole density of the previous cycle, and triggering the turnaround from an expanding to a contracting phase. (In all other cosmologies to date, including inflation, dark energy has no essential role.)
What determines the arrow of time? Although the cosmology we describe is cyclic, there is a clear means of determining forward from backward in time. First, the boundary branes both expand (by an exponential amount) each cycle, in the "forward" time direction, although the rate of expansion changes at the various stages within each cycle. Second, although additional entropy and black holes are generated within each cycle, their densities are then exponentially suppressed to negligible levels.
Why is the cosmological constant so small? The cyclic model provides a fascinating new outlook on this vexing problem. Historically, the problem is often assumed to mean that one must explain why the vacuum energy of the ground state is zero. In the cyclic model, the vacuum energy of the ground state is not zero. It is negative and its magnitude is large, as is obvious from Figure 2 . If the Universe begins in the ground state, the negative cosmological constant will cause rapid recollapse, as expected for an anti-deSitter phase. In the cyclic scenario, though, we have shown how to arrange conditions where the Universe avoids the ground state. Instead, the Universe hovers above the ground state from cycle to cycle, bouncing from one side of the potential well to the other but spending most time on the positive energy side. The branes are moving too rapidly whenever the separation corresponds to the potential minimum.
There remains the important challenge of explaining why the the current potential energy is so small. The value depends on both the shape of the potential curve and the precise transfer of energy and momentum at the bounce. 20 Perhaps explaining the value will be an issue as knotty as the cosmological constant problem, or perhaps the conditions will prove easier to satisfy. What is certain, though, is that the problem is shifted from conventional tuning of vacuum energy.
What is the role of dark energy? What is its equation-of-state?
We have explained how dark energy plays a key role in emptying the Universe after each cycle and causing the evolution towards a contracting phase. During the radiation and matter phases, before the effects of the potential become significant, the scalar field is rolling very slowly uphill. As mentioned above, the coupling to matter can also assist this uphill motion. But soon after potential domination, the field must begin to reverse since the initial motion, and the matter density, are quickly damped away as exponential expansion begins. Hence, at the present epoch the scalar field is near its maximal value, and has small velocity. Roughly, this means that the ratio of pressure to energy density is near -1, similar to a cosmological constant. The ratio increases with time as the field rolls more rapidly downhill. Depending on details, this time-variation of the equation-of-state may be detectable.
Other implications The cyclic model imposes different constraints on fundamental physics compared to previous cosmological models. We have commented above that the cosmological constant constraint is altered. The general notion of hovering around the true vacuum state means that our present condition, such as the degree of supersymmetry breaking, is fixed cosmologically rather than by minimizing the potential. The cyclic model also gives extra dimensions a precise role in cosmic history. The proposed resolution of the singularity relies, for example, on having the branes move through a space with only one uncompactified dimension (which is inconsistent with some recent proposals of large extra-dimensions). Although there is no explicit prediction, the cyclic model also suggests that the natural place for dark matter is on the hidden brane where it is coupled only gravitationally to our visible particles. Brane collision is likely to produce matter on both branes and the fact that the dark and visible matter density are comparable may be related to the fact that they were created by the same event.
